Objective Platelets promote sepsis-induced activation of neutrophils via secretion of CD40L. However, the mechanism regulating the release of platelet-derived CD40L is not known. We hypothesized that matrix metalloproteinases (MMPs) might regulate shedding of platelet-expressed CD40L and neutrophil activation in sepsis. Methods Wild-type C57BL/6 mice were subjected to cecal ligation and puncture (CLP). Animals were pretreated with a broad-range MMP inhibitor, GM6001, prior to CLP induction. Edema formation, CXC chemokine and myeloperoxidase (MPO) levels and bronchoalveolar neutrophils in the lung as well as plasma levels of CD40L were quantified. Flow cytometry was used to determine expression of Mac-1 on neutrophils and CD40L on platelets. Intravital fluorescence microscopy was used to analyze leukocyte-endothelial cell interactions in the pulmonary microcirculation. Results The MMP inhibitor reduced sepsis-induced release of CD40L and maintained normal levels of CD40L on platelets. Inhibition of MMP decreased CLP-induced neutrophil expression of Mac-1, formation of CXC chemokines and edema as well as neutrophil infiltration in the lung. Intravital fluorescence microscopy revealed that the MMP inhibitor attenuated leukocyte adhesion in venules whereas capillary trapping of leukocytes was not affected by MMP inhibition. Conclusions We describe a novel role of metalloproteinases in regulating platelet-dependent activation and infiltration of neutrophils in septic lung injury which might be related to controlling CD40L shedding from platelets. We conclude that targeting metalloproteinases may be a useful strategy for limiting acute lung injury in abdominal sepsis.
Introduction
Abdominal sepsis remains a major cause of mortality in intensive care units in spite of significant research efforts [1] [2] [3] . Management of patients with sepsis is largely limited to supportive therapies, which is partly due to an incomplete understanding of the underlying pathophysiology. Intestinal perforation and contamination of the abdominal cavity with microbes and toxins stimulate local formation of numerous pro-inflammatory compounds, which subsequently diffuse into the systemic circulation [4, 5] . The lung is the most sensitive and clinically important end organ for the systemic inflammatory response in abdominal sepsis [6] . It is widely held that activation of neutrophils constitutes a central component in septic lung injury. For example, inhibition of neutrophil recruitment by targeting adhesion molecules, such as Mac-1 and LFA-1, effectively protects against pulmonary damage in sepsis [7] . CXC chemokines, including macrophage inflammatory protein-2 (MIP-2) and cytokineinduced neutrophil chemoattractant (KC), are primarily responsible for coordinating accumulation of neutrophils at sites of inflammation. However, the complex signaling cascades triggering neutrophil activation and recruitment in the lung initiated by a mixed bacterial flora and their released toxins are largely unknown [8, 9] .
Platelets, beyond their classical role in thrombosis and hemostasis, exert numerous effects amplifying inflammatory responses and tissue injury. Recent data have demonstrated that platelets play an important role in abdominal sepsis [10] by releasing CD40L in the circulation, which, in turn, provokes up-regulation of Mac-1 and promotes pulmonary infiltration of neutrophils and tissue damage [11] . Indeed, a recent study demonstrated that plasma levels of soluble CD40L are markedly elevated in patients with sepsis [12] . In fact, most of the soluble CD40L in plasma is derived from platelets [11, 13] . However, the mechanisms regulating CD40L release from platelets are not known. Matrix metalloproteinases (MMPs) comprise a large family of more than 25 structurally and functionally related endopeptidases [14] with capacity to cleave the majority of matrix proteins as well as many non-matrix targets, such as chemokines, cytokines, adhesion molecules and surface receptors [15] . However, the role of MMPs in regulating cleavage of CD40L from platelets in abdominal sepsis remains elusive.
Based on the above, in this paper we hypothesized that MMPs may be involved in the regulation of shedding of platelet-expressed CD40L. More specifically, we evaluated the role of MMPs in controlling CD40L release from platelets and the subsequent activation and infiltration of neutrophils in the lung in polymicrobial sepsis. For this purpose, we used the CLP model of abdominal sepsis in mice.
Materials and methods

Animals
All experimental procedures were performed in accordance with the legislation on the protection of animals and were approved by the Regional Ethical Committee for Animal Experimentation at Lund University, Sweden. Wild-type male C57BL/6 (Jackson Laboratory, Bar Harbor, ME, USA) mice (20-25 g ) were used in the experiments. Animals were anaesthetized by intraperitoneal (i.p.) administration of 75 mg ketamine hydrochloride (Hoffman-La Roche, Basel, Switzerland) and 25 mg xylazine (Janssen Pharmaceutica, Beerse, Belgium) per kg body weight.
Experimental model of sepsis
Polymicrobial sepsis was induced by cecal ligation and puncture (CLP) as previously described in detail [7] . In brief, mice were anesthetized and the abdomen was opened to exteriorize the cecum which was filled with feces by milking stool backwards from the ascending colon and a ligature was placed below the ileocecal valve. Cecum was then soaked in phosphate-buffered saline (PBS) (pH 7.4), punctured twice with a 21-gauge needle and returned into the peritoneal cavity. The abdominal wall was closed with a suture and mice were resuscitated with 1 ml of PBS subcutaneously. In order to delineate the role of MMPs, we used a potent, broad-spectrum hydroxamic acid inhibitor of MMPs, GM6001 (Galardin, N-[(2R)-2-(hydroxamidocarbonylmethyl)-4-methylpentanoyl]-L-tryptophan methylamide; Calbiochem, Darmstadt, Germany). GM6001 was given (40 mg/kg i.p.) 1 h before the CLP induction. Sham mice underwent the same surgical procedures, i.e., laparotomy and resuscitation, but the cecum was not ligated or punctured. The mice were then returned to their cages and provided food and water ad libitum. Animals were re-anesthetized at 6 and 24 h after CLP induction. The left lung was ligated and excised for edema quantification. From the right lung bronchoalveolar lavage fluid (BALF) was collected, in which the number of neutrophils was determined. Next, the lung was perfused with PBS and one part was fixed in formaldehyde for histology and the remaining lung tissue was weighed, snap-frozen in liquid nitrogen and stored at -80°C for later ELISA and myeloperoxidase (MPO) assays as described below.
Intravital fluorescence microscopy
In separate animals, a midline laparotomy was performed and extended to the side along the lower border of the right rib cage from the subxyphoidal to the midaxillary level. Under transient lowering of the stroke volume to 100 ll, the right diaphragm was incised to create a right-sided pneumothorax. The diaphragm was then stepwise coagulated and incised along the ventral chest wall to the midaxillary level. A parasternal thoracotomy was performed up to the level of the 4th intercostal space after coagulating the internal mammary and the intercostal vessels. By this method, the main part of the right thorax wall could be averted to the side. During the preparation, great care was taken not to directly manipulate the lung tissue and the lung surface was intermittently rinsed with saline (37°C). A micromanipulator was used to fix a coverslip horizontally on the surface of the right lung. Horizontal movements of the lung tissue could be minimized by modulating a positive end-expiratory pressure between 5 and 7 cm H 2 O and adjusting stroke volume (minimum 150 ll) and stroke frequency (minimum 100 strokes/min). Immediately after surgical preparation, the mice were put on the microscopic stage. Intravital fluorescence microscopy was performed after retrobulbar injection of 0.1 ml 0.1% rhodamine 6G (Sigma-Aldrich, Taufkirchen, Germany) for direct staining of white blood cells and 0.1 mL 5% FITC-dextran (MW 150 000, contrast enhancement; Sigma Chemical Co., St. Louis, MO, USA). The subpleural pulmonary microvasculature was visualized by means of a modified Olympus microscope (BX50WI, Olympus Optical Co. GmbH, Hamburg, Germany) equipped with a 100 W mercury lamp and filter sets for blue 
Lung edema
The left lung was excised, washed in PBS, gently dried using blotting paper and weighed. The tissue was then dried at 60°C for 72 h and re-weighed. The change in the ratio of wet weight to dry weight was used as an indicator of lung edema formation.
Bronchoalveolar lavage fluid
Bronchoalveolar lavage fluid was collected by washing five times with 1 ml of PBS containing 5 mM EDTA and was then centrifuged; numbers of MNLs and PMNLs were counted in a Burker chamber.
MPO activity MPO in the lung tissue was assayed as described by Asaduzamman et al. [7] . Briefly, frozen tissue was thawed and homogenized in 1 ml of 0.5% hexadecyltrimethylammonium bromide. Next, the sample was freezethawed, after which the MPO activity of the supernatant was measured. The enzyme activity was determined spectrophotometrically as the MPO-catalyzed change in absorbance in the redox reaction of H 2 O 2 (450 nm, with a reference filter 540 nm, 25°C). Values were expressed as MPO units per gram tissue.
ELISA
Plasma levels of CD40L and lung homogenate levels of MIP-2 and KC were analyzed 6 h and 24 h after CLP, respectively, by using commercially available ELISA kits (R&D Systems). For soluble CD40L analysis, plasma was collected on ice using citrate as anticoagulant and centrifuged for 20 min at 2,000g immediately after collection. An additional centrifugation at 10,000g for 10 min at 4°C was employed for complete removal of platelets and stored at -20°C for further use. Plasma samples were then diluted with a sterile buffer (10% fetal calf serum in PBS, pH 7.4) and analyzed using the protocols provided.
Flow cytometry
For analysis of surface CD40L expression on platelets and Mac-1 expression on circulating neutrophils, blood was collected into syringes containing 1:10 acid citrate dextrose at 6 h post CLP induction. Immediately after collection, blood samples were incubated with an anti-CD16/CD32 antibody blocking FccIII/II receptors in order to reduce non-specific labeling for 10 min at room temperature (RT), and then incubated with PE-conjugated anti-Gr-1 (clone RB6-8C5, rat IgG2b), and APC-conjugated anti-Mac-1 (clone M1/70, integrin a M chain, rat IgG2b) antibodies. Another set of samples were stained with FITC-conjugated anti-CD41 (clone MWReg30, integrin a IIb chain, rat IgG1) and PE-conjugated anti-CD40L (clone MR1, hamster IgG, eBioscience, San Diego, CA, USA) antibodies (all antibodies except where indicated were purchased from BD Biosciences Pharmingen, San Jose, CA, USA). Cells were fixed with 1% formaldehyde solution; erythrocytes were lysed using FACS lysing solution (BD Biosciences Pharmingen) and then neutrophils and platelets were recovered following centrifugation. Flow-cytometric analysis was performed according to standard settings on a FACScalibur flow cytometer (Becton-Dickinson, Mountain View, CA, USA) and a viable gate was used to exclude dead and fragmented cells.
Histology
Lungs samples were fixed in 4% formaldehyde phosphate buffer overnight and then dehydrated and paraffin-embedded. Six-lm sections were stained with hematoxylin and eosin (H&E).
Statistics
Data are presented as mean values ± standard error of the means (SEM). Statistical evaluations were performed using Kruskal-Wallis one-way analysis of variance on ranks followed by multiple comparisons versus control group (Dunnett's method). P \ 0.05 was considered significant and n represents the number of animals in each group.
Results
MMPs regulate platelet shedding of CD40L
CLP increased plasma levels of CD40L by more than 2.5-fold, from 71 ± 6 pg/ml in the sham animals to 209 ± 23 pg/ml ( Fig. 1a ; P \ 0.05 vs. Sham, n = 5). In parallel, surface expression of CD40L on platelets decreased; mean fluorescent intensity (MFI) was 50 ± 4 in sham and 29± in septic mice ( Fig. 1b; P \ 0.05, n = 5) . Administration of GM6001, a broad-spectrum MMP inhibitor, reduced CLP-induced plasma levels of CD40L by more than 87% ( Fig. 1a ; P \ 0.05 vs. Vehicle ? CLP, n = 5). Concomitantly, inhibition of MMP activity completely blocked the CLP-induced reduction of surface CD40L on platelets (Fig. 1b, c ; P \ 0.05 vs. Vehicle ? CLP, n = 5). Moreover, CLP caused a significant reduction in the systemic number of platelets after 24 h, which was reversed to normal levels by pretreatment with GM6001 (Table 1) .
MMPs regulate Mac-1 expression on neutrophils
Induction of CLP increased surface expression of Mac-1 on neutrophils (Fig. 2a) . MFI values of Mac-1 were 734 ± 22 in Sham and 1402 ± 74 in septic mice ( Fig. 2b ; P \ 0.05 vs. Sham, n = 5). This indicates circulating neutrophils are indeed activated in this model of sepsis. Administration of GM6001 greatly decreased neutrophil up-regulation of (Fig. 2a) . In fact, MFI values of Mac-1 on neutrophils decreased from 1402 ± 74 down to 963 ± 83 in CLP mice pretreated with the MMP inhibitor, corresponding to a 65% reduction ( Fig. 2b ; P \ 0.05 vs. Vehicle ? CLP, n = 5).
MMPs regulate neutrophil recruitment in the lung
Pulmonary accumulation of neutrophils was quantified by analyzing levels of myeloperoxidase (MPO), an indicator of neutrophils, in the lung. CLP increased MPO levels in the lung by more than 12-fold ( Fig. 3a ; P \ 0.05 vs. Sham, n = 5). Administration of GM6001 decreased MPO activity in the lung by more than 56% in septic mice ( Fig. 3a ; P \ 0.05 vs. Vehicle ? CLP, n = 5). Moreover, cellular analysis of BALF showed that the number of neutrophils in the bronchoalveolar space increased by 13-fold 24 h after induction of CLP ( Fig. 3b ; P \ 0.05 vs. Sham, n = 5). Notably, inhibition of MMP activity reduced CLP-induced recruitment of neutrophils into the bronchoalveolar compartment from 143 ± 17 9 10 3 down to 50 ± 12 9 10 3 cells, corresponding to a 70% reduction in neutrophil accumulation ( Fig. 3b ; P \ 0.05 vs. Vehicle ? CLP, n = 5). CLP induction in mice provoked a clearcut leukocytopenia at 24 h. Administration of GM6001 had no effect on the levels of circulating leukocytes in CLP mice (Table 1) .
MMPs regulate CXC chemokine formation in the lung
CXC chemokines, such as MIP-2 and KC, are known to regulate neutrophil trafficking in the lung. Levels of MIP-2 and KC were low but detectable in sham animals (Fig. 3d) . We observed that production of CXC chemokines in the lung was markedly increased in CLP mice ( Fig. 3d ; P \ 0.05 vs. Sham, n = 5-6). Interestingly, it was found that pretreatment with GM6001 reduced CLP-induced formation of MIP-2 and KC in the lung by more than 43 and 64%, respectively ( Fig. 3d ; P \ 0.05 vs. Vehicle ? CLP, n = 5-6).
Inhibition of MMPs protects against septic lung injury CLP caused significant pulmonary damage, characterized by a prominent enhancement in lung edema formation: wet:dry ratio increased from 4.5 ± 0.1 to 5.4 ± 0.1 ( Fig. 3c ; P \ 0.05 vs. Sham, n = 5). Note that baseline values of wet:dry ratio in sham mice represent normal levels in healthy animals and only an increase in wet:dry ratio represents actual edema formation. Administration of GM6001 decreased CLP-induced lung wet:dry ratio from 5.4 ± 0.1 to 4.4 ± 0.1, corresponding to 95% reduction in lung edema ( Fig. 3c ; P \ 0.05 vs. Vehicle ? CLP, n = 5). Moreover, morphologic examination revealed normal microarchitecture in lungs of sham-operated animals (Fig. 4a) , whereas CLP caused severe destruction of the pulmonary tissue structure characterized by extensive edema of the interstitial tissue and massive infiltration of neutrophils (Fig. 4b) . Pretreatment with GM6001 markedly reduced CLP-induced destruction of the tissue architecture and reduced neutrophil infiltration in the lung (Fig. 4c) .
MMPs regulate leukocyte adhesion in the lung microvasculature
In order to study the detailed influence of MMPs on sepsisinduced leukocyte-endothelial cell interactions in the pulmonary microcirculation, we adopted intravital fluorescence microscopy. It was found that CLP triggered a clear-cut increase in leukocyte adhesion in capillaries and venules of the pulmonary microvasculature (Fig. 5a, e) . Inhibition of MMP activity decreased CLP-induced leukocyte adhesion in venules by 64% (Fig. 5b, d ; P \ 0.05 vs. Vehicle ? CLP, n = 5) but had no effect on capillary sticking of leukocytes (Fig. 5f, g ). Administration of GM6001 had no impact on leukocyte rolling in the lung microcirculation of septic animals (Fig. 5c ).
Discussion
Our data show that MMPs regulate sepsis-induced lung injury via promotion of neutrophil recruitment to the lung.
We found that MMPs reduce CD40L shedding from platelets and up-regulation of Mac-1 on neutrophils as well as formation of CXC chemokines in the lung. Thus, this study demonstrates that MMPs are involved in the regulation of platelet shedding of CD40L and activation of neutrophils in septic lung damage and may be a useful target in abdominal sepsis.
Emerging data show that platelets are not only essential for homeostasis, thrombosis, and wound healing, but also play an important role in inflammation and tissue injury. We have recently demonstrated that platelets constitute a critical component in polymicrobial sepsis by activating and supporting neutrophil recruitment to the lung [10] . This platelet-dependent activation of neutrophils and subsequent lung damage has recently been shown to be mediated by CD40L released from platelets in abdominal sepsis [11] . In this context, it is also interesting to note that clinical studies have shown that plasma levels of CD40L in the plasma are elevated in patients with sepsis [12, 16] . However, the mechanisms regulating sepsis-induced platelet shedding of CD40L are not known. We focused here on the role of MMPs and found that administration of a MMP inhibitor reduced soluble levels of CD40L and concomitantly increased expression of CD40L on the surface of platelets in septic mice, suggesting that platelet shedding of CD40L is controlled by MMPs in polymicrobial sepsis. This study is the first to show that MMPs can regulate platelet In this context, it should be noted that one weakness with the present study is that we did not study the effect of MMP inhibition on survival.
It is widely held that neutrophil recruitment causing tissue injury and disturbed gaseous exchange is a ratelimiting step in septic lung injury [7, 17] . In this study, it was observed that inhibition of MMPs reduced pulmonary infiltration of neutrophils. Additionally, we observed that MMP inhibition not only reduced neutrophil recruitment but also decreased sepsis-induced edema formation and tissue destruction in the lung, suggesting that targeting MMPs may protect against pulmonary damage in abdominal sepsis. This notion is in line with most studies on MMP inhibition in models of endotoxemia and severe infections [18] [19] [20] , although some exceptions have been reported. Indeed, ample data show that mice challenged by different bacteria or bacterial toxins, different doses of bacteria and toxins and routes of administration display different phenotypes. Indeed, injection of single-bacteria toxins may not represent the pathophysiology of clinical sepsis very well. In contrast, the CLP model, in which the intestine is punctured and the bowel contents are allowed to contaminate the abdominal cavity, seems to be more reminiscent of the events and course in polymicrobial sepsis in terms of cytokine responses and vascular and metabolic changes [21, 22] . To study the detailed impact of MMPs on leukocyte-endothelium interactions, we used intravital fluorescence microscopy of the lung microcirculation. We were able to demonstrate that MMP inhibition decreased sepsis-induced leukocyte adhesion in venules but not capillary trapping of leukocytes. Considering that venular adhesion of leukocytes is mediated by specific adhesion molecules and that trapping of leukocytes in capillaries is dependent on size restrictions in the capillary lumen due to increased stiffness of leukocytes [23] [24] [25] [26] , our data suggest that MMPs mainly regulate the adhesion molecule-dependent accumulation of leukocytes in the lung. This notion is also supported by the observation here that inhibition of MMPs decreased neutrophil expression of Mac-1, which is known to mediate pulmonary recruitment of neutrophils in abdominal sepsis [7] . We have previously shown that neutrophil expression of Mac-1 is dependent on plateletderived CD40L in polymicrobial sepsis [11] . As mentioned above, MMPs also abolished sepsis-triggered platelet shedding of CD40L underling the importance of the CD40L-Mac-1 axis in abdominal sepsis. Tissue navigation of neutrophils is coordinated by secreted CXC chemokines [27] . In the present study, we observed that MMP inhibition attenuated sepsis-induced formation of MIP-2 and KC in the lung, which may also contribute to the protective effect of MMP inhibition in septic lung damage. The mechanism by which MMPs control CXC chemokine formation in the lung is not known at present. However, numerous studies have shown that MMPs can promote Toll-like receptor (TLR)-4 activation on macrophages by generating several different TLR4 ligands, such as soluble CD14 [28] , which, in turn, can trigger generation of CXC chemokines. Thus, MMPs' functions in sepsis are not limited to the regulation of the CD40L-Mac-1 axis but are most likely operating at multiple concomitant levels to promote neutrophil accumulation at sites of inflammation.
Taken together, our results demonstrate that inhibition of MMPs reduced platelet shedding of CD40L, Mac-1 upregulation on neutrophils and CXC chemokine formation in the lung, although the relative importance of these parameters in mediating neutrophil-dependent lung injury remains elusive. Moreover, we found that blocking MMPs not only decreased pulmonary infiltration of neutrophils but also reduced lung damage in septic animals. Thus, based on our results, we suggest that MMPs may be a useful target for inhibiting lung damage in abdominal sepsis. 
